We have observed surface electric potential variations of several mV during a reservoir stimulation experiment run in 2000 at the Soultz-sous-Forêts (France) Hot Dry Rock site that we have interpreted as deep electrokinetic processes. Using data from another experiment run in 2003 at the same site, we show here that the electrically conducting steel casing makes possible the measurement of surface SP anomalies even 5 km above the injection zone, but obliterates any information about the geometry of the electrokinetic sources. We also observed a slow temporal SP decay after the end of the that we interpret as large fluid flow persisting long after shut-in at the edge of the stimulated area. This persisting deep fluid flow explains why large induced microseismic events are recorded in this area long after the end of the stimulation experiment, as fluid overpressures diffuse far away from the injection area. This interpretation is consistent with the diffusive pattern of seismicity analysis of Shapiro et al.
I N T RO D U C T I O N
Reservoir stimulation aims at enhancing the fluid transport properties of a reservoir (i.e. its permeability) to optimize its performance. This methodology has been applied to hydrocarbon reservoirs for over 40 years (Economides & Nolte 2000) but also to geothermal reservoirs (Baria et al. 1999) . The stimulation is achieved by injecting a large quantity of fluid (water for the hydraulic stimulations discussed in this paper) in the reservoir.
Reservoir stimulations usually generate significant microseismic activity. The usual explanation is that the crust is in a near-critical state of stress, and so any small perturbation, such as those induced by the injection of fluid, will provoke failure. In addition, the increase in pore pressure brought by the injection of fluid will result in an increase in effective normal stress. Some authors (e.g. Shapiro et al. 1997 Shapiro et al. , 1999 Shapiro et al. , 2000 use the extent of microseismic activity foci as a proxy for determining hydraulic parameters in the reservoir, although the validity of this approach is disputed (Cornet 2000) .
Stimulation and/or production in deep geothermal reservoirs have also been shown to generate electric potential variations (e.g. Ishido et al. 1983) . Since this pioneering work, other experiments have confirmed the occurrence of self-potential (SP) anomalies of several mV that correlate spatially (e.g. Ushijima et al. 1999) and temporally (e.g. Marquis et al. 2002) to deep reservoir fluid flow. In addition, Kawakami & Takasugi (1994) have shown that the sign of these SP anomalies is negative when fluid is injected and positive when fluid is produced. The standard interpretation of these SP signals is that they originate from electrokinetic processes as water circulates * Now at: Shell Intl E&P, Houston, USA. through fractures within the reservoir. It has also been known for a long time that flow in shallow aquifers produce significant SP anomalies (e.g. Bogoslovsky & Ogilvy 1973) .
In this paper, we analyse the SP data reported by Marquis et al. (2002) as well as more recent data acquired during stimulation experiments of the geothermal reservoir of the Soultz-sous-Forêts (France) Hot Dry Rock site. These data sets are unique in that they contain both high-quality SP and microseismic data for the same stimulation. We, therefore, interpret the SP data jointly with microseismic data, as both are related to fluid flow at depth. We show that surface SP measurements are complementary to borehole pressure and surface and borehole microseismic data and provide key information on the overall dynamics of fluid flow within a reservoir during and after a hydraulic stimulation.
S P S U R V E Y S : F L U I D F L O W M O N I T O R I N G T O O L A T T H E R E S E R V O I R S C A L E
Streaming Potentials are electric potentials generated by the electrokinetic interaction of a fluid flowing through a porous medium. A detailed description of the electrokinetic theory relevant to geophysical applications can be found in Revil & Pezard (1999) and references therein. To summarize, the pore fluid is chemically in equilibrium with the rock matrix and this chemical interaction creates ion accumulations at the rock/fluid interface. Thus, when a fluid flows through this porous medium, it moves the charged ionic species and generates a drag current density. If no other external electric current sources exist, this 'convection' current is balanced by a conduction current to ensure electric charge conservation. This conduction current is responsible for electric potential anomalies in the rock known as streaming potentials. In this case, the following equation governs the electric potential V in the rock:
where the left-hand side of eq. (1) is the divergence of the conduction current and its right-hand side the divergence of the convection current; P is the pore fluid pressure, σ r the rock electrical conductivity and L the electrokinetic coupling coefficient. The right-hand side of eq. (1) 
where E is the electric field, r is the distance between the observation and source points (m) and is integration domain (usually a halfspace).
If somewhere in the ground, a fluid flows with a non-vanishing divergence of the pressure gradient (usually the case in ground water flow), it generates electric current sources I by electrokinetics (eq. 1). Besides, these electric current sources induce SP anomalies everywhere around the fluid flow (eq. 2), especially at the ground surface where electric fields are easily measured. Hence, any surface SP survey can localize fluid flow without in situ measurements. However, in some cases, the distortion of the electric current lines by the ground electrical conductivity contrasts (second term of eq. 2) complicates or even sometimes prevents any localization of fluid flow. Therefore, a good knowledge of the electrical conductivity structure (e.g. from electrical or EM soundings) is necessary to map any fluid circulation from surface SP measurements.
More than a mapping tool, streaming potentials can also be used as a time-lapse monitoring tool. In this approach, knowledge of the ground electrical conductivity structure is not necessary because the electrical heterogeneities and, therefore, their effects on the potential, are considered static. There may be changes in the in situ electrical conductivity related to fluid injection, but considering the depth and the relatively small volume of water injected, such changes will not be significant.
We point out that, as SP is a potential-field method, each measurement integrates the effect of all electrokinetic sources (integration domain of eq. 2), and therefore, is representative of the overall hydrodynamics of the reservoir. Hence, a time SP survey gives insight into the fluid flow dynamics at the reservoir scale.
A P P L I C A T I O N T O A S T I M U L A T I O N E X P E R I M E N T S A T T H E S O U L T Z -S O U S -FO RÊ T S H O T D R Y R O C K S I T E The Soultz-sous-Forêts stimulation experiments
The Soultz-sous-Forêts Hot Dry Rock site, located in the Rhine graben in the north of Alsace (France), is studied for its geothermal potential because of its high temperature gradient. The objective of this project is to use the hot granite (200
• C at 5 km) as a thermal exchanger to heat up water to activate turbines that generate electricity. It is, therefore, essential to increase the reservoir natural permeability by hydro-fracturing to ensure a proper fluid circulation. More on the Hot Dry Rock concept can be found in Baria et al. (1999) .
In the summer of 2000, a stimulation experiment was conducted in well GPK2 to develop the geothermal reservoir at depths between 4400 and 5000 m. During this stimulation operation, 23 000 tons of water were injected at flow rates up to 50 kg s −1 , yielding overpressures around 13 MPa (Fig. 1a) . This water injection started with the injection of 2500 tons of high-density (1.2 kg l −1 ) saturated brine in order to stimulate the entire length of the open-hole section and was followed by the injection of fresh water as available on site. 1 week after shut-in, a test of injectivity was performed with the injection of 4500 tons of fresh water at flow rate up to 30 kg s −1 . The 2000 stimulation operation induced a large number of microseismic events (30 000 events were recorded) with magnitudes up to 2.6 strongly correlated with the injection phases (Fig. 1b) . 14 000 events were localized: their envelope gives the size of the stimulated volume (Fig. 2) .
The surface SP survey
During the stimulation experiment, we recorded surface electric potentials with Pb-PbCl 2 unpolarizable electrodes at twelve sites over an area of 1 km 2 . These electrodes have been shown to be amongst the most stable over long periods of time (Petiau 2000) : our own controls show drifts of less than 0.5 mV over 3 yr. We buried the electrodes at 1m depth and put them in contact with a mud made of clay (to maintain moisture) and NaCl-saturated water (to ensure no major loss of salt from the electrode). Each site consisted in four electrodes and their reference was chosen at 50 m from the GPK2 wellhead. We show here SP time series (24-hr low-pass filtered to remove external processes, for example, electromagnetic induction) from two sites located 500 ( Fig. 1c ) and 250 m (Fig. 1d ) from the wellhead, already presented in Marquis et al. (2002) . The differences in amplitude of individual electrodes are about 75 m from each other and so are not exactly in the same near-surface conditions, however, electric signal amplitudes during the stimulation are synchronous for all electrodes.
A more rigorous way to remove the electromagnetic (EM) induction effects from the SP data would have been to compute magnetotelluric (MT) transfer functions and then subtract the electric fields computed with magnetic field data and these MT transfer functions from the SP data. This approach is certainly necessary to analyse short-period (i.e. minutes to hours) SP variations but here we are concerned with long-period (i.e. several days) variations for which EM induction effects are not important.
We identify a long-term electric potential variation of roughly 4 mV strongly correlated with the water injection phases (Fig. 1a) . The straightforward interpretation is that they are generated by electrokinetic phenomena of the injected water circulating through the stimulated fractures. Other mechanisms (electrochemical, electrothermal) cannot be ruled out and their relevance will be addressed in the Discussion.
Effect of casing
For the case of water injection in deep wells, the high electrical conductivity of the metal casing was shown by numerical modelling to disturb the electric field near the wells by Wurmstich & Morgan (1994) . Ishido et al. (1983) suggested conceptually that the metal casing was channelling the electric currents generated at reservoir depths to the surface. Kawakami & Takasugi (1994) recorded SP with an electrode array during a hydraulic fracturing experiment at the Yunomori geothermal site showing univocally that the metal casing was controlling the surface SP distribution. In their early interpretation of the Soultz data set, Marquis et al. (2002) assumed that the casing was an equipotential. That assumption led to a gross underestimate of the electrokinetic coupling parameter. They also assumed a host medium of homogeneous electrical resistivity, because the major change in resistivity is between the casing and host medium. Changes in resistivity within the reservoir certainly exist, but as we are interested in a potential field (SP) which response is integrated, the assumption of a homogeneous equivalent medium is reasonable. To quantify the effect of the casing on the electric currents, we use a simple model of a high-conductivity vertical cylindrical body-representing the casing-in a homogeneous half-space.
We solve this casing problem using an integral formulation (Schenkel & Morrison 1990) . We first compute the electric potential distribution for a single electric current point source of 1 A m −3 (Fig. 3 ) located at the shoe of a Soultz casing (length = 4400 m, inner radius = 9 cm, casing thickness = 1.3 cm, casing electrical conductivity = 10 6 S m −1 , host medium electrical conductivity = 10 −3 S m −1 ); an electric potential distortion along the casing is effectively observed. We also plot the normalized electric current density vectors to emphasize the electric current channelling along the casing. Fig. 4(a) shows the surface electric potential distribution induced by this single electric current point source with and without casing; we plot the surface electric potential differences that are recorded with a reference electrode located at 2.5 km away from the wellhead. On the one hand, the effect of the casing is to increase roughly by a factor of ten the surface electric potential differences in its vicinity. So, as surface SP anomalies are usually observed in the range of the mV, the anomalies without casing would be smaller than the mV making them more difficult to detect; therefore, the presence of conducting casing allows us to record deep SP anomalies. On the other hand, this casing disturbs all surface electric potentials and controls their spatial distribution as observed by Kawakami & Takasugi (1994) . Here, surface SP measurements do not allow the recovery of the geometry of the SP sources and hence of the fluid flow.
Experimental evidence of the casing effect is provided by SP data acquired during a later hydraulic test run at the same site in 2003 January-February. Data from three electrodes located at 25, 50 at 75 m from the GPK2 well head are shown in Fig. 4(b) . There is a clear decrease of SP anomaly amplitude with increasing distance from the well head, even though the fluid flow causing the anomalies is located at 5000 m depth. Without the casing effect, one would have expected the SP anomalies to be of similar amplitude for all electrodes, as they are located at pretty much the same distance form the reservoir flow.
Another contribution is the redox potential variation associated with the migration of electrons along the metallic casing. This redox phenomenon occurs between the casing and the formation and, as the injection of water does not significantly perturb the medium around the casing, they should be very slow. So we consider them to be DC changes, that is, there is no need to take them into account when interpreting SP time series. On the other hand, the redox potential of the casing could also change because of the flow of fresh water inside the casing. In this case, the electric potential variations would be very well correlated with the injection rate. This is not what we observed, especially at the beginning and the end of the injection (Figs 1c-d) .
D I S C U S S I O N Origin of Surface Self-Potential during the stimulation experiment
Most authors working on SP monitoring of fluid flow during reservoir stimulations have interpreted their data in terms of electrokinetic coupling processes (e.g. Ishido et al. 1983; Marquis et al. 2002) . Darnet et al. (2004) analysed the relative contributions of electrokinetic, electrochemical and electrothermal potentials to the surface SP anomalies shown above. Their main conclusion is that for Soultz-sous-Forêts-type experiments, electrokinetic phenomena contribute to most of the total SP signal for injection rates larger greater than 30 kg s −1 . Therefore, despite of the variations of the injection rate, electrokinetic effects dominated during the 2000 stimulation. At small injection rates (less than 10 kg s −1 ), electrokinetic effects are weak and hence electrochemical and electrothermal potentials dominate. However, the overall response is much smaller than at high injection rates: it is six times stronger at 50 kg s −1 than at 0 kg s −1 . Therefore, the standard interpretation of an electrokinetic origin for SP anomalies observed during geothermal reservoir stimulation is warranted. In other words, SP signals are proxies for fluid flow within the reservoir.
Large post-shut-in fluid flow
When the 2000 stimulation operation was stopped, water injection ceased but fluid flow persisted at depth for several days as shown by the overpressure curve (Fig. 1b) . Marquis et al. (2002) observed that the SP decay after shut-in was very slow compared to the overpressure decay and suggested that it was related to fluid flow persisting long after shut-in within the whole geothermal reservoir. Even though electrochemical and electrothermal effects are dominant at low injection rates, the observed post-shut-in signals are much larger than those expected from Darnet et al.'s (2004) model. The maximum SP value is about 4.0 mV at a flow rate of 50 kg s −1 . Two days after shut-in a signal of 3.2 mV is observed (Figs 1c-d ), while a model including only electrochemical and electrothermal effects would produce a signal of about 0.7 mV, that is, one-sixth of the value at 50 kg s −1 . Therefore, the persistent SP signal observed after shut-in consists mainly of electrokinetics, electrochemistry and electrothermics playing only a minor role. The interpretation of these post-shut-in signals must be the persistence of fluid flow in the reservoir long after shut-in.
Over-pressure, seismicity and Streaming Potential after shut-in
Significant post-shut-in fluid flow may explain why several large microseismic events (12 events with M > 1.8) have occurred up to 1 month after shut-in (Fig. 5) . On a shorter time scale (4 days after shut-in), we also observe that the microseismic activity is still strong because events with large seismic moments, calculated by spectral analysis by Michelet (2002) , still occur (after day 6.75 on Fig. 6 ) even if the event density is decreasing (Fig. 1b) . Some events on Fig. 5 are missing on Fig. 6 because the saturation of the sensor did not allow the calculation of the source parameters and because of the malfunctioning of some downhole sensors after day Figure 6 . Seismic moments (×10 9 N m) of the microseismic events occurring at the latest stages and after the stimulation experiment (day 6.75 is the shut-in) calculated by spectral analysis (Michelet 2002) . There are no data after day 11 because of sensor breakdown.
11. Therefore, the slow SP decay is an indicator of large fluid flow persisting long after shut-in and that induces a significant amount of microseismicity.
If large post shut-in fluid flow indeed persists, downhole pressure data should also show a slow relaxation. The data shown in Figs 1(c) and (d) clearly indicate that this is not the case. The different observation scales of both methods explain this discrepancy between the pressure and SP data.
Indeed, pressure measurements are designed to describe fluid flow dynamics within the zones hydraulically connected to the sensor whereas SP measurements integrates the effect of the fluid flow within the whole reservoir (here, the integration domain of eq. (1) is the reservoir because we assume that no water leaks out of the reservoir). Hence after shut-in the zone hydraulically connected to the openhole is disconnected from the rest of the stimulated reservoir because of fracture closure and so pressure data is only recording the local flow around the well. At the same time, large fluid flow persisting outside of this zone contributes only to the SP signal and can explain the slow SP decay.
The reservoir microseismic activity after shut-in is showing such an uncoupling between the vicinity of the well and the rest of the reservoir. On Fig. 7 , we represent the temporal evolution of distances between the microseismic event and the openhole, an approach similar to Shapiro et al. (1999) and Parotidis et al. (2004) . Positive distances are for events located in the SE part of the reservoir and negative ones are for those in its NW part. Two features are observed: the first is that we clearly see the persistence after shut-in of microseismic events away from the openhole (more than 200 m), and the second is that after shut-in an aseismic zone is growing from the openhole into the reservoir (the solid line). The growth of this aseismic zone represents the reservoir relaxation process occurring around the openhole caused by the shut-in of the well. As no more microseismic event occurs in this zone, the fluid overpressure must be low and some fractures may be totally closed. Therefore, in this zone there is a hydraulic uncoupling between the openhole and the rest of the reservoir. We also observe that just after shut-in some microseismic events were rapidly migrating (Fig. 7) , called the back front of seismicity by Parotidis et al. (2004) , sometimes at great distances from the well (2000 m after 4 days). Three phenomena can explain this event migration, which is comparable to aftershocks: stress corrosion (Li et al. 1987) , stress concentration due to a main shock (Scholz 1991) , or more likely in our case of hydraulic stimulation, fluid diffusion (Li et al. 1987) .
The first phenomenon is due to the injected fresh water, which is not at the equilibrium with the in situ brine and may destabilize fractures close to the failure by chemical alteration. However, as suggested by Li et al. (1987) , it is a slow process and, therefore, it may not explain why just after shut-in these events start to migrate.
The second case of stress concentration is the most widely used explanation for the temporal distribution of aftershocks (Omori's law). It assumes that the large main shock rupture concentrates stresses at the boundary of the fault plane and that induces simultaneously new failures. This phenomenon is rather unlikely in our case because there is no main shock that can concentrate large stresses and because large events are persisting long after shut-in.
The third explanation by fluid diffusion is the most likely because it is the only one that can explain why the events are migrating so far away from the well and so long after the end of the stimulation experiment. Healy et al. (1968) observed this type of delayed events in Denver, Colorado after a large injection experiment at 3.7 km depth when three M > 5 earthquakes occurred 2 yr after stopping the injections. Their explanation was that a high-pressure zone was still propagating out from the well even if the injection has ceased. Consequently, it seems likely that fluids are still migrating after the Soultz stimulation experiment at the edge of the stimulated area (more than 200 m from the openhole according to Fig. 7 ) and inducing microseismic events even if the well has been shut-in. Furthermore, this fluid flow must be important as large microseismic events (magnitude more than 1.0) are still occurring in this zone (Fig. 8) , especially in the northern upper part of the cloud (depth = 4400 m) where the seismic activity is large (6 events of magnitude more than 1.0). This fluid flow should generate large electrokinetic phenomena that persist long after shut-in and explain why we observed a slow SP decay (Figs 1c-d) . Therefore, our SP measurements have certainly revealed the persistence of large fluid flow activating fractures at the edge of the stimulated area even several weeks after the end of the stimulation experiment.
C O N C L U S I O N
Electrokinetic effects related to water injected into the Soultz-sousForêts Hot Dry Rock geothermal reservoir during a stimulation experiment generate surface streaming potential (SP) anomalies of several mV. These surface SP anomalies are detectable even 5 km above the fluid flow thanks to the electrically conducting steel casing channelling the electric current to the surface.
We have confirmed that electrokinetic phenomena dominate the observed signals. In particular, the slow temporal SP decay observed after shut-in is related to large fluid flow persisting after the end of the stimulation operation at the edge of the stimulated area. This flow may explain why the microseismic activity is maintained at high level in this zone long after shut-in (until 1 month in our case). Furthermore, this flow is not visible on hydraulic data because it takes place in a zone hydraulically disconnected from the openhole. Therefore, during this stimulation experiment, the capacity of SP measurements to monitor fluid flow at the reservoir scale has revealed the existence of a fluid flow playing a major role in the mechanical response of the reservoir to the hydraulic stimulation.
For stimulation experiments, this kind of information could prove useful for seismic risk assessment. Furthermore, the application of such a method to natural systems in order to observe fluid diffusion processes is useful for the understanding of the role of fluid in earthquakes mechanics, especially during aftershocks.
A C K N O W L E D G M E N T S
This work was funded in part by ECODEV (CNRS-ADEME-EU) and by BMWI. MD wishes to acknowledge financial support from joint CNRS-Région Alsace doctoral fellowship. Special thanks to Sophie Michelet and Steve Oates (Shell International Exploration and Production -Rijswijk) for providing us their work on microseismic data analysis. We also thank editor Hans-Joachim Kumpel for his advice on an earlier version of this paper.
